The presence of five structural proteins of measles virus in brain material obtained at autopsy from four patients with subacute sclerosing panencephalitis (SSPE) was examined by immunofluorescence employing monoclonal antibodies. In addition, the humoral immune response against measles virus antigens in serum and cerebrospinal fluid was analysed by immunoprecipitation in combination with gel electrophoresis, revealing a reduced response mainly to the matrix (M) protein. In none of the brain material were all five structural proteins simultaneously detected. Nucleocapsid protein and phosphoprotein were found in every diseased brain area, whereas haemagglutinin (H) protein was detected in two, fusion (F) protein in three and M protein only in one SSPE case. In two cases, variations in the occurrence of H and F proteins could be observed between regions displaying different degrees of neuropathological changes. No correlation was observed between the humoral immune response and the immunohistological findings. These data support the hypothesis of a restricted synthesis of measles virus proteins, in particular the envelope and M proteins, in SSPE.
INTRODUCTION
Subacute sclerosing panencephalitis (SSPE), a rare and late complication of acute measles, is a central nervous system (CNS) disease for which the pathogenetic mechanisms are still not understood (ter . It is not known how and when during acute measles the virus reaches the CNS and establishes persistency. The nature of the virus-cell interaction in CNS tissue remains largely undefined and the factors which finally lead to progressive brain damage are not understood. Of pathognomonic significance are the findings of a humoral hyperimmune reaction to the majority of measles virus antigens with, however, no or reduced antibodies to measles virus matrix (M) protein (Hall et al., 1979; Wechsler et al., 1979; Stephenson & ter Meulen, 1979) as well as the dissemination of the infection in brain tissue in the absence of complete viral particles and in the presence of a pronounced local antiviral immune response (ter . Based on experiments with SSPE virus persistently infected tissue cultures (Carter et al., 1983b; Lin & Thormar, 1980; Sheppard et al., 1985) and characterization of measles virus gene expression in SSPE brain tissue (Hall & Choppin, 1981 ; Baczko et al., 1984) , it has been proposed that viral replication may be defective at the level of M protein synthesis. This restriction in M protein synthesis could explain the failure of virus maturation.
In contrast to these observations, it has recently been shown that the major structural proteins of measles virus including M protein may be present in SSPE brain tissue . However, since the clinical courses of SSPE are variable (Donner et al., 1972; Gilden et u. G. LIEBERT AND OTHERS 1975; Risk et al., 1978) and the neuropathological lesions within one SSPE brain may be quite different from another, it is conceivable that the state of measles virus persistence may vary between different cases and between different areas of one brain.
In the present study, the state of measles virus replication in four SSPE cases with different clinical courses was immunologically and biochemically characterized. This paper describes the analysis of the humoral immune response in sera and cerebrospinal fluid (CSF) against measles virus antigens and the detection of the five major structural proteins of this virus in brain sections with different neuropathological lesions with a panel of monoclonal antibodies. The data obtained indicate that defects in measles virus gene expression in SSPE brain are variable and can affect several measles virus genes.
METHODS

SSPEpatients.
Patient G, a 10-year-old girl, was diagnosed as suffering from SSPE 6 months prior to death.
Diagnosis was based on the clinical presentation, the typical electroencephalogram (EEG) changes, the serological finding of hyperimmune reaction against measles virus in CSF, and a prominent increase of IgG with a restricted heterogeneity. Haemagglutination inhibition titres (HI) in serum were 2000, in CSF 80, and complement fixation (CF) assays revealed titres of 2000 and 160 for serum and CSF respectively. The clinical diagnosis was confirmed by the classical neuropathological findings of perivascular lympho-plasma-cellular infiltrations, Cowdry type A inclusion bodies in neurons and oligodendrocytes and reactive fibrillar astrocytes in grey and white matter of the entire brain. Abundant measles virus antigen was demonstrated immunohistologically in nuclei and cytoplasm of nerve and glial cells primarily in the cerebral cortex and the hemispheric white matter.
Patient A, a 9-year-old boy, died 3 months after the onset of SSPE. The course of the disease progressed very rapidly leading to coma shortly after onset. The serology revealed HI antibodies in serum of 10 000 but not in CSF. Only the CF test and antibody titration of measles virus-infected tissue cultures by indirect immunofluorescence (IF) led to the detection of measles antibodies in CSF specimens (CF test: serum 1000, CSF 160; IF test: serum 20000, CSF 320). The IgG concentration in CSF was elevated. Neuropathologically, the typical diffuse encephalitis of differing severity both in grey and white matter was seen with the characteristic Cowdry type A inclusion bodies.
Patient L, a 16-year-old girl, presented the typical clinical picture of SSPE with Radermecker complexes in EEG 6 months prior to death. In this period focal epileptic fits occurred which accumulated 4 months later into a status epilepticus. CSF IgG levels were high and of restricted heterogeneity. Diagnosis was supported by high titres of antibodies directed against measles virus in CSF specimens. Examination revealed serum HI titres of 2000 to 10000 and CSF titres rose from 160 to 640 at 2 months before death. Measles antibody titres in the CF test were equally high in serum and CSF. The patient died in a state of decerebration. Neuropathological findings were classical for SSPE, including meningitis, prominent perivascular infiltrations by lymphocytes and plasma cells of the brain, focal destruction of ganglion cell layers and destruction of white matter, and older sclerotic changes. Cowdry type A inclusion bodies were only occasionally seen.
Patient K, a 14-year-old boy, had an 18 month history of a clinical presentation of SSPE with myoclonic jerks and typical EEG changes at the beginning of stage two (Kalm, 1952) . During the course of the disease, a period of slight remission was noted. The gammaglobulins in the CSF were increased. CF assays revealed titres of 5000 in serum and 200 in CSF; HI titres were 10 000 and 800 respectively. The neuropathological investigation confirmed the diagnosis of SSPE. Grey and white matter of the brain were involved with lympho-plasma-cellular infiltrations most extensively in the frontal and temporal lobes, with Cowdry type A inclusion bodies in oligodendrocytes, astrocytes and nerve cells.
Tissue processing. Brain material from all four patients was obtained within a few hours after death, immediately frozen and stored at -70 °C. Attempts to isolate infectious virus by co-cultivation techniques from brain tissue of patients A, K and L failed. Such experiments were not carried out for patient G.
Immunofluorescence. Serial frozen sections, 8 p.m-thick, were cut on a cryostat, fixed in acetone (-20 °C) for 10 min, and subsequently incubated in 10% normal horse serum in Tris-buffered saline (TBS: 0.05 M-Tris, 0-15 M-NaCI, pH 7.4) for 30 min, followed by incubation with monoclonal antibodies against measles virus structural proteins diluted 1:20 to 1:200 in TBS containing 5% normal horse serum for 60 min at room temperature. After washing in buffer, sections were incubated for 60 min in fluorescein isothiocyanate (FITC)-labelled goat antimouse IgG, whole molecule (Conco Laboratories, Wiesbaden, F.R.G., No. 62-6511) or F(ab')2 fragments (Tago-Medac, Hamburg, F.R.G., No. 4350) diluted 1:50 and 1:30, respectively. Sections were then washed again and mounted in glycerol. The specific fluorescence was evaluated in a Leitz fluorescence microscope with regard to frequency of labelled cells and intensity of staining.
Double-labelling fluorescence was done with material from patients G, A and L, in order to evaluate the percentage of cells expressing measles virus phospho (P), haemagglutinin (H), M and fusion (F) proteins relative to nucleocapsid (N) protein-positive cells. Adjacent sections were incubated simultaneously with 10 lag biotinylated anti-N monoclonal antibody and diluted mouse ascites containing monoclonal antibodies to measles virus P, H, M or F proteins, respectively. After 60 min incubation, sections were washed and subsequently exposed to a dilution consisting of avidin texas red (1 : 500) (Medac, Hamburg, F.R.G., No. 6666) and goat anti-mouse-FITC conjugate (1 : 50) for 60 min. Sections were screened for positive fluorescence and positive cells were counted in at least 20 to 25 different visual fields using a × 40 objective. Immunoprecipitation. Immunoprecipitation of infected cell lysates using the sera and CSF from the patients was carried out as previously described (Carter et al., 1983b) . The human control serum was derived from a healthy adult female. The precipitated proteins were analysed in a discontinuous 8~ polyacrylamide gel with an acrylamide-bisacrylamide ratio of 1:31, and containing 0.077 ~ ammonium persulphate and 0.1 ~ SDS.
Monoclonal antibodies. The following monoclonal antibodies against five structural components of measles virus, H, P, F, N and M proteins, were employed.
From our own group, we used three monoclonal antibodies against H protein, two against N protein, two against F protein and two against M protein (see Carter et al., 1982; 1983a) .
From Dr E. Norrby, Karolinska Institutet, Stockholm, Sweden, we obtained three monoclonal antibodies against H protein, two against P protein, three against F protein and three against M protein (see Norrby et al., 1982; Shesbberadaran et aL, 1983) . These monoclonal antibodies have been used to identify measles virus structural proteins in SSPE brain tissue .
From Dr T. A. Sato, National Institute of Health, Tokyo, Japan, four monoclonal antibodies against measles virus F protein were obtained (see Sato et al., 1985) .
RESULTS
Characterization of measles virus antibodies in sera and CSF by immunoprecipitation
The measles virus antibodies in CSF and blood samples from patients were analysed by immunoprecipitating radioactively labelled measles virus proteins derived from lytically infected Vero cells followed by SDS-PAGE ( Fig. 1) . All patients revealed a strong immune response against N and P proteins while antibodies to M protein were detectable at low levels only in sera of patients A, L and K. No antibodies to M protein were found in CSF specimens. In accordance with the HI titres, CSF of patient A did not immunoprecipitate H protein.
Antibodies to F protein could be seen in all patients except CSF of patient K.
Immunohistology
Brain material from four SSPE patients was investigated by immunofluorescence using a panel of monoclonal antibodies against five structural proteins of measles virus. The monoclonal antibodies employed reacted with different epitopes of each structural protein. The number of cells exhibiting a positive fluorescence varied in the different cases as well as for different structural proteins. The intensity of fluorescence for each structural protein, however, was similar in all cases and in Fig. 2 representative fluorescence for each structural protein is given. Monoclonal antibodies against measles virus N protein revealed the most widespread fluorescence, staining neurons as well as oligodendrocytes and astrocytes (Fig. 2 a, b, c) . In three of the four patients (G, A and K) more than 50~ of the stained cells in areas of extensive immunofluorescence, especially neurons and oligodendrocytes, revealed nuclear inclusions. Furthermore, cellular processes, especially axons and dendrites of neurons, were stained. In the cytoplasm, the fluorescence consisted of coarse granules. Similarly, monoclonal antibodies to P protein revealed strong fluorescent staining (Fig. 2d ) except for case A, where the intensity was weak. No nuclear inclusions were stained, granules in the cytoplasm of brain cells were fine and coarse, and occasionally P protein was seen in axons and dendrites. Monoclonal antibodies directed against the two envelope structural proteins H and F gave faint, weak or no staining. When staining was positive the fluorescence gave a diffuse cytoplasmic labelling for H and F proteins without staining cellular processes or inclusion bodies (Fig. 2 e) . Occasionally, speckled fluorescence was detected at cell membranes with anti-F monoclonal antibodies (Fig. 2f) . Monoclonal antibodies to M protein gave a weak to moderate fluorescence in one case (A) which appeared diffuse in the cytoplasm with a speckled fluorescence at or close to the cell membrane ( Fig. lg) . Of interest is the observation that in none of the cases were all five measles virus structural proteins detected (Table 1) . Only N and P proteins were consistently seen in infected areas whereas the other proteins varied. Cases G and A did not reveal the presence of H protein, F protein was missing in patient A, whereas M protein was absent in patients G, L and K as far as detectable with the monoclonal antibodies. Moreover, there was substantial antigenic variation in the H and F structural proteins found in the different SSPE cases. In patient L only two and in patient K only one out of six monoclonal antibodies recognized H protein. A similar observation was made for the nine monoclonal antibodies against F protein. None of the three brains which contained F protein reacted with every monoclonal antibody employed, indicating an antigenic variation of this protein in comparison to the standard measles virus strains used in obtaining the monoclonal antibodies.
In order to find out whether areas with different neuropathological lesions within one brain would reveal differences in the expression of measles virus structural proteins, different regions from each brain were screened with the library of monoclonal antibodies ( Positive immunofluorescence* for * + + +, More than 10 positive cells/visual field; + +, 5 to 10 positive cells/visual field; +, 1 to 4 positive cells/visual field; (+), 1 or < 1 cell/visual field; -, no positive cells; 80 to 100 visual fields were screened for each region. 3.4 0 patients K, L and A either two or three areas with extensive or mild inflammatory changes were available whereas from patient G 12 different brain regions could be investigated. In general, areas with extensive inflammation and many inclusion bodies contained more infected cells per visual field than regions with less inflammation. However, the expression of structural proteins in the infected areas varied only a little in two regions in patient G and one region in patient L.
In case G, all areas contained N and P protein whereas F protein was only found in samples from occipital and parietal cortex. In case L, the area of caudate nucleus with focal inflammatory changes revealed N and P protein but no H and F protein as was seen in the area of parietal cortex. On the whole, there is little variation in measles virus gene expression in each SSPE brain in contrast to what could have been expected considering the variation in neuropathological lesions ( Table 2) . The failure to detect all five structural proteins of measles virus in any one SSPE brain led us to evaluate the synthesis of viral gene products in individual brain cells in relation to the N protein by applying a double-immunofluorescence technique ( Table 3 ). All regions investigated revealed a strong positive fluorescence with monoclonal antibodies against N and P protein.
The relative frequency of cells expressing P protein as well as N protein differed between the three investigated cases, being 90~ for G, 60~ for L and 25~ for A. In contrast, staining for H protein (case L) and F protein (cases G and L) was weak; the overall percentage of cells positive for H and F protein was 12~ or 3 to 5~ respectively in relation to N protein-positive cells. In case A, in which the M protein was detected, about 10 ~ of N protein-expressing cells contained M protein.
DISCUSSION
In this study, the presence of five measles virus structural proteins was examined in brain tissue from four SSPE patients. The four SSPE patients available revealed different clinical courses lasting from 3 to 18 months after onset of disease. Neuropathologically, the characteristic inflammatory changes with Cowdry type A inclusion bodies were seen in each case, verifying the clinical diagnosis of SSPE. The application of a panel of monoclonal antibodies against the N, P, H, F and M proteins of measles virus showed that in none of the cases were all five measles virus proteins detectable. N and P proteins were consistently seen in each brain area examined whereas H protein was recognized in two, F protein in three and M protein in only one SSPE case. Within one brain, some variation in occurrence of measles virus proteins could be observed between regions with different degrees of neuropathological changes. However, in the majority of brain regions of each patient studied the same measles virus structural proteins were either seen or were absent, independent of the neuropathological lesions.
The absence of one or other measles virus structural protein in brain tissue of the four SSPE cases is only partially reflected by the humoral immune response. None of the patients revealed any measurable antibodies to M protein in CSF despite its presence in brain tissue in one case. Obviously, this protein is a poor immunogen as has also been seen in uncomplicated measles infection (Graves et al., 1984) . Only in patient A was a correlation found between absence of H protein in brain tissue and absence of antibodies to this antigen in CSF, whereas in patient G a discrepancy was noted between absence of H protein in brain and a specific immune response in CSF. However, a correlation between the humoral intrathecal immune response and the presence of a specific structural protein of measles virus in brain tissue is in our cases impaired by the fact that the samples for antibody testing were taken 10 to 18 weeks before death.
The data obtained support the hypothesis that in SSPE brain, measles virus gene expression is restricted and that this prevents production of progeny virus. The measles virus genes affected are primarily those coding for H, F or M protein probably because these proteins are not essential in maintaining the infection, since the N protein complex alone is infectious (Rozenblatt et al., 1979) . Transport of this complex within cell processes to other cells may lead to a dissemination of the infection (Iwasaki & Koprowski, 1974) . The observation that M protein of measles virus may be absent in brain tissue persistently infected with measles virus has also been made by others in SSPE brain as well as in animal experiments. Hall & Choppin (1981) showed the lack of M component in SSPE brains by using a combination of immunoprecipitation and the Western blot technique. Johnson et al. (1981) analysed measles virus infection in the hamster, a model which displays some of the characteristics of SSPE, by immunofluorescent techniques using monospecific antisera. Primary infection moves from an acute to a persistent state which is accompanied by a shut-down of M protein synthesis and continued synthesis of the N protein.
In contrast to our observations, Norrby et al. (1985) found all five major structural proteins of measles virus in four SSPE brains by application of monoclonal antibodies. Due to the lack of detailed clinical, immunological and neuropathological information on the cases of Norrby et al., it is difficult to compare both groups of patients. Besides the possible differences between the two groups of patients, there are some other explanations for this divergent finding. First, our panel of monoclonal antibodies could be too limited to recognize the measles structural protein in question as antigenic variation may have occurred. Antigenic changes at the level of the envelope and M proteins have been observed among nine measles virus strains using monoclonal antibodies (Sheshberadaran et al., 1983) . In order to minimize this possibility, we employed our own monoclonal antibodies and those from other groups which positively stained in their SSPE cases . In our cases, only the minority of the H and F monoclonal antibodies recognized their specific protein and those which gave positive staining in one case, failed to detect their target in another case despite the presence of the structural protein. Therefore, the question arises whether or not failure to detect H, F or M proteins is due to their absence or antigenic variation. However, these structural proteins might not be synthesized since RNA isolated from the brain tissue of four SSPE patients failed to translate in vitro some of the measles virus proteins. This correlated with the absence of these proteins in brain sections by immunofluorescence (Baczko et al., 1986) .
Of particular interest is the finding that in infected brain cells the expression of different measles virus structural proteins is restricted. Relative to N protein, P protein is present in most infected cells, whereas the envelope and M proteins are not detectable in the majority of cells. For the M protein it has been shown in SSPE brain sections by in situ hybridization in combination with immunofluorescence staining that infected cells without M protein contain the specific M mRNA, supporting the interpretation that there is a defect in viral gene expression (Haase et al., 1985) . The same may apply for H and F proteins in our cases, G and A. Similar observations have been made in measles virus persistent infection in tissue culture (Norrby et al., 1982) . In such cultures, H protein occurred in approximately 25 to 50~, M protein in 10 to 30 ~o and F protein in only 5 ~ of the infected cells. This marked variation in the synthesis of three major structural proteins appeared both in the relative frequency and intensity of staining of these three viral antigens. Based on experimental evidence, it is conceivable that the establishment of a persistent measles virus infection in tissue culture or in brain tissue is associated with the restriction of viral gene expression or alternatively with rapid degradation of viral proteins preventing synthesis of infectious virus particles (Carter et al., 1983b; Lin & Thormar, 1980; Baczko et al., 1984; Sheppard et al., 1985; Young et al., 1985) . However, the factors which lead to persistence are still unknown and it will be one of the main tasks of the future to characterize them.
